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The properties of nanometric-sized helium bubbles in silicon have been investigated using both spatially
resolved electron-energy-loss spectroscopy combined with a recently developed method, and molecular-dynamics
simulations. The experiments allowed for an accurate determination of size, aspect ratio, and helium density for a
large number of single bubbles, whose diameters ranged from 6 to 20 nm. Very high helium densities, from 60 to
180 He nm−3, have been measured depending on the conditions, in stark contrast with previous investigations of
helium bubbles in metal with similar sizes. To supplement experiments on a smaller scale, and to obtain insights
into the silicon matrix state, atomistic calculations have been performed for helium bubbles in the diameter range
1–13 nm. Molecular-dynamics simulations revealed that the maximum attainable helium density is critically
related to the strength of the silicon matrix, which tends to yield by amorphization at the highest density levels.
Calculations give helium density values for isolated single bubbles that are typically lower than measurements.
However, excellent agreement is recovered when the interactions between bubbles and the presence of helium
interstitials in the matrix are taken into account. Both experiments and numerical simulations suggest that the
Laplace-Young law cannot be used to predict helium density in nanometric-sized bubbles in a covalent material
such as silicon.
DOI: 10.1103/PhysRevB.96.014110
I. INTRODUCTION
Noble gas species (helium, neon, etc.) are characterized
by filled electronic shells, leading to a quasi absence of
chemical reactivity. As a consequence, they exhibit unique
behaviors when interacting with diverse materials [1]. Hence,
they are used for processing semiconductors, yielding an inert
atmosphere during growth, ion beam milling of surfaces,
or plasma etching. Light noble gas species such as helium
or neon are also potentially useful in the gettering process
for electronic devices [2], to relax strain in pseudomorphic
SiGe/Si heterostructures [3], and for the production of silicon-
on-insulator wafer substrates using the smartcut process [4].
In an astrophysical context, noble gas atoms have been
found as impurities in interstellar dusts [5], and they can
be used as markers in models attempting to describe stars
evolution. Finally, there are also extensive investigations in
the context of nuclear applications, since helium is produced
in large quantities coming from neutron-induced transmutation
reactions. In fusion reactors, the plasma also generates a high
helium flux interacting with the wall. Helium accumulation
into structural, confining, or fuel cladding materials leads to the
formation of extended defects like bubbles [1,6], potentially
resulting in swelling, embrittlement, surface roughening, and
blistering, all mechanisms that can dramatically degrade the
mechanical properties.
The driving force leading to extended defects formation is
the nonsolubility of noble gas species due to their chemical
inertness. Noble gas atoms tend to aggregate to lower the
energy cost, occupying available space at defects or generating
some if possible. As a result, the formation of gas-filled
*julien.deres@univ-poitiers.fr
extended defects such as platelets and bubbles is generally
favored. This phenomenon is essentially independent of the
host materials, since it has been reported in metals [6–10],
covalent systems such as silicon [11–20], silicon carbide
[21–26], gallium nitride [27], and disordered materials [28–
30]. However, knowing why the bubbles form does not provide
information about the formation mechanism itself, or about the
properties of these bubbles. A key property is the gas density
contained in these bubbles, which is directly related to the
internal gas pressure through an appropriate equation of state.
It is a required parameter in available models attempting to
describe the formation and evolution of these defects [31,32].
The earliest attempts at measuring the gas density in
bubbles were often indirect (by measuring the material’s
volumic expansion, for instance), and they assumed that all
available noble gas atoms were located in the bubbles [7].
Still, the fact that these estimations often lead to unrealistically
huge gas density in bubbles casts some doubt about the
validity of this assumption. Other measurements were direct
[8,18,33,34], but they provided data averaged over a large
quantity of bubbles, which were then assumed to share
the same characteristics. More recently, spatially resolved
electron-energy-loss spectroscopy experiments performed in
a transmission electron microscope allowed the direct probing
of helium density in a single bubble [35–40]. In each of these
studies, a few bubbles were characterized, with values in
the range 15–76 He nm−3 in metals [35,36], in nanoporous
amorphous silicon [40], and in minerals [30], and in the range
60–173 He nm−3 in crystalline silicon [37–39]. Using available
equations of state [41,42], these values correspond to internal
pressures of 0.1–2.0 GPa in the first case and 1–21 GPa in the
second one.
There is a broad consensus in the scientific community that
the internal pressure in gas-filled bubbles at equilibrium can
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also be directly obtained from the well-known Laplace-Young
law P = 2γ /r , with γ the surface tension, r the bubble
radius, and P the pressure difference between both sides
of the bubble-matrix interface. An important consequence of
this equation is that the smaller the bubble, the higher the
gas density. This seems to be verified for helium bubbles in
steel [36], and to a lesser extent in a PdPt alloy [35]. However,
such a dependence is not found for covalent materials [37–39].
Since this may simply have been due to the very small number
of bubbles investigated so far, interpretation is indefinite,
a limitation that we address here with greater statistical
sampling. The Laplace-Young law is also commonly used to
estimate the order of magnitude of the internal pressure of
gas-filled bubbles. However, comparing predictions with the
above-mentioned measurements reveals a large discrepancy,
which suggests that either the Laplace-Young law is not
appropriate, or that the helium-filled bubbles are often not
at equilibrium. Note that in the literature, it is usually assumed
that the surface tension is equal to the surface energy, and that
the pressure transmitted to the matrix is negligible. The latter
assumption is clearly not verified when local deformation is
observed in the materials due to the pressure exerted by the
bubbles.
Another approach for determining the internal noble gas
density could be atomistic simulations. Those have been per-
formed for helium bubbles in various host materials [43–53].
Nevertheless, in almost all these studies, the helium density is
not an outcome of the calculation, rather it is set as an initial
parameter. These numerical simulations are then valuable tools
to reveal various properties of the bubble and of the host
material for a given internal gas density, but they cannot be
used to directly determine this density.
These different points suggest that we clearly need addi-
tional experimental information regarding the internal density
of gas-filled bubbles, especially in the case of helium bubbles
in silicon, for which an unusual behavior has been reported
[37,38]. We have recently developed a spatially resolved
electron-energy-loss spectroscopy (EELS) approach based on
energy-filtered transmission-electron-microscopy–spectrum-
imaging acquisition of the data. This technique both allows
an investigation of a large number of bubbles [39], and avoids
desorption under the electron beam [37]. The results of these
experiments are reported in this paper. The helium density has
been measured in more than 100 bubbles, with diameters rang-
ing from 5 to 20 nm. This unprecedented statistic reveals trends
in plain disagreement with the Laplace-Young relation, since
larger bubbles exhibit similar or slightly larger helium densities
than smaller ones. These densities are also typically one order
of magnitude higher than predicted values. In addition, large-
scale atomistic simulations have been performed, modeling
bubbles with dimensions and helium densities comparable to
experiments. These calculations allowed for the determination
of several properties that are difficult to access in experiments,
such as the detailed structure of the bubble interface and of the
silicon matrix. They also revealed that the measured helium
density values correspond to bubbles close to the mechanical
stability limit.
This paper is organized in five parts. First, experimental
conditions and results are detailed. Then, simulation condi-
tions and results are reported. Finally, the results are discussed.
II. EXPERIMENTAL DETAILS
Helium bubbles were synthesized in monocrystalline p-
type Si wafers using 50 keV helium ions at a fluence of
7.5 × 1016 at cm−2. The implantations were performed at
room temperature with a current density of 0.01 A/m2. Within
these experimental conditions, SRIM software calculations [54]
predict a mean projected range of the ions of 410 nm with
respect to the free surface and a straggling of 110 nm. The
samples were then annealed at temperatures of 500 or 700 ◦C in
a tubular furnace under vacuum. These implantation conditions
were chosen to create a condensed system of bubbles of
nanometric size with the annealing conditions tuned to obtain
different morphologies and sizes of bubbles [39].
The bubbles were next studied using spatially resolved
EELS. For that purpose, cross-sectional transmission electron
microscopy (TEM) samples were prepared by mechanical
polishing down to 10 μm thick and then ion milling in a
GATAN-PIPS apparatus at low energy (2.5 keV Ar) and low
incidence (±8◦). To minimize irradiation damage, a final step
was performed at ±4◦ for 2 min.
The spatially resolved EELS experiments were performed
using a JEOL JEM 2200FS microscope fitted with an omega
filter and a Gatan Ultrascan 2048 × 2048 pixels CCD camera.
The data were recorded and analyzed using the energy-filtered
transmission electron microscopy spectrum image (EFTEM-
SI) approach that we recently developed. The datacubes were
acquired with a collection angle of 5.65 mrad, 0.2 eV energy
steps between energy planes, a slit of 1 eV, and between −3
and 32 eV in two steps. The elastic peak was first acquired with
an 0.5 s exposure time, and the second part of the datacube
[10-32] eV was recorded with a 5 s exposure time.
The combined correction of the nonisochromaticity and
spatial drift was realized using a home-made procedure. The
He K-edge was extracted after median filtering, multiple scat-
tering deconvolution, and a fit of the SiO2/Si interface plasmon,
Si plasmon, and cavity plasmon by Gaussian or pseudo-Voigt
functions. The acquisition and treatment procedures of the
spectrum images are described in further detail in Ref. [39].
The helium density, nHe, is determined through its relation
with the blueshift of the He K-edge, E, using [37,55,56]
nHe = 1
CHe
E, (1)
where E = E − E0. E is the energy of the He K-edge
measured in the bubble under study. E0 is the energy of the
He K-edge for the free atom, which is taken at 21.75 eV
in this study and corresponds to the energy position of the
He K-edge for nearly empty bubbles. To determine this
value, in situ isothermal annealing experiments in TEM, to
be published elsewhere, were carried out on similar systems
of bubbles. Moreover, CHe in Eq. (1) is equal to 0.015 eV nm3
as determined by previous experiments in similar systems [37].
Prior to any EFTEM-SI acquisition, underfocused
(−1000 nm) zero-loss energy-filtered images were acquired.
Quantitative analyses of these images were performed to
retrieve the aspect ratio and size of bubbles. The method
used is based on a standard image thresholding procedure,
which has proven to be very successful to analyze embedded
nanoparticles [57]. However, it results in an error on the
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FIG. 1. Zero loss energy-filtered TEM micrographs (underfocus,
5 eV slit) of Si samples implanted with helium (7.5 × 1016 He cm−2,
50 keV) and annealed at 500 ◦C (upper part) and 700 ◦C (lower
part) together with the helium concentration (blue squares) profile
as determined by SRIM. For each micrograph, the contrast has been
adjusted.
bubble size that is due to the thresholding process and to the
thickness of the Fresnel fringe used to image the bubbles. Size
measurements on both energy-filtered images on the silicon
plasmon and underfocused bright-field images were performed
and compared for several bubbles, yielding an error of ±1 nm.
The bubble aspect ratio is defined as a/b, with a the largest
dimension. In the following, the bubble diameter is defined as
the diameter of a disk having the same area as an ellipse of
parameters a and b.
III. EXPERIMENTAL RESULTS
The microstructure of the samples is shown in Fig. 1
together with the helium concentration profile as calculated
by SRIM [54]. As seen, the chosen implantation and annealing
conditions lead to the formation of a layer of bubbles centered
around the helium profile, i.e., located between about 320 and
550 nm away from the sample surface. In both cases, the
bubbles with the largest diameters are located at the deeper
edge of the bubble layer. In the following, these bubbles
are referred to as L (large) whereas the smaller bubbles,
homogeneously distributed in the bubble band, are referred
to as S (small) (see Fig. 1).
For each sample, two TEM thin foils were prepared and
several zones analyzed. Typical examples of explored zones
are shown in Figs. 2 and 3 for the 500 and 700 ◦C annealed
samples, respectively. Comparing the underfocus micrographs
[Figs. 2(a) and 3(a)] with the corresponding He chemical maps
extracted from the EFTEM-SI [Figs. 2(b) and 3(b)] reveals
that some of these bubbles are empty and that superposition
of bubbles may occur. In these systems, the main limitation to
ensure a correct quantitative analysis of numerous individual
bubbles is the thickness of the sample as compared to the
bubble diameter. As reported in Ref. [39], there is an optimal
thickness of the sample, i.e., thin enough so that the bubbles are
not superimposed and thick enough so that there is a maximum
of full bubbles to be analyzed (the other ones may have been
FIG. 2. (a) Zero loss energy-filtered micrograph (1 eV slit) in
underfocus conditions (−1000 nm) of a 7.5 × 1016 He cm−2, 50 keV
implanted silicon sample annealed at 500 ◦C, 1 h. (b) Energy-filtered
image on the He K-edge (24.2 ± 1 eV) extracted from a spectrum
image acquired on the same region as (a). (c) Corresponding helium
density map.
cut during the sample preparation). This is a serious limitation.
In particular, for the 500 ◦C annealed sample, only two of
the datacubes we recorded meet these criteria, leading to less
analyzable data than for the 700 ◦C annealed sample.
The corresponding helium density maps determined using
our procedure are shown in Figs. 2(c) and 3(c). In the case of
the 500 ◦C annealed sample, helium can be detected in the S
bubbles, but their diameter is too small (3–4 nm) to ensure an
accurate helium density quantification. Therefore, the analysis
is restricted to the L bubbles for this sample.
The quantities extracted from Figs. 2(a) and 2(c) are
reported in Fig. 4. The L bubbles exhibit a diameter ranging
from 7 to 16 nm (11 nm in average) and their aspect ratio is
between 1 and 1.9 (1.3 in average). Figure 4(a) clearly indicates
that the aspect ratio increases with the diameter of the bubbles,
i.e., the largest bubbles are less spherical than the smaller ones.
The helium density measured in these bubbles is characterized
by a broad distribution, with values ranging from 120 to
180 He nm−3. An increase of the helium density as a function
of the diameter and of the aspect ratio is suggested in Fig. 4,
although three of the data points clearly do not follow this
trend. This behavior has to be confirmed with a higher statistic.
Annealing at 700 ◦C leads to larger and more spherical
bubbles (Fig. 5). However, the two S and L bubble sets can
still be distinguished. The S bubbles exhibit a diameter ranging
014110-3
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FIG. 3. (a) Zero loss energy-filtered micrograph (1 eV slit) in
underfocus conditions (−1000 nm) of a 7.5 × 1016 He cm−2, 50 keV
implanted silicon sample annealed at 700 ◦C, 1 h. (b) Energy-filtered
image on the He K-edge (23.4 ± 1 eV) extracted from a spectrum
image acquired on the same region as (a). (c) Corresponding helium
density map.
from 6 to 12 nm (average 9 nm), whereas the L bubble diameter
ranges from 12 to 20 nm (average 16 nm). Both sets are
characterized by a rather spherical shape with an aspect ratio
from 1 to 1.3 [Fig. 5(a)]. As seen in Fig. 5(b), the helium density
in both types of bubbles is much lower than that determined
in the bubbles formed after an annealing at 500 ◦C: the helium
density in the L bubbles varies between 60 and 90 He nm−3,
whereas it can even be smaller in the S bubbles (40 He nm−3).
These data suggest that, whatever the bubble diameter, there is
a maximum helium density of about 90 He nm−3 that can be
reached for the 700 ◦C annealing. Moreover, it is clearly seen
that bubbles of similar diameter can exhibit different helium
densities, whereas similar helium densities can be found in
bubbles of various diameters.
Finally, it is noteworthy that all these results are extracted
from several datacubes recorded in different zones (repre-
sented in different colors in Figs. 4 and 5). Taking into account
the experimental uncertainties, the results did not show any
dependence on the datacube, indicating the robustness of our
acquisition and treatment procedure.
IV. SIMULATION DETAILS
Our model first includes a cubic silicon supercell, period-
ically repeated in three dimensions. To build a helium-filled
bubble, a void was first created by removing silicon atoms
contained in a sphere of diameter d0 in the center of the
box. Helium atoms were next inserted into the cavity. The
initial helium density is expressed in terms of the He/V
ratio, the number of helium atoms divided by the number
of removed silicon atoms (vacancies). As will become clear
in the following, ratios between 1 and 6 are relevant in our
study, and investigations will be carried out within this range.
We have considered different initial bubble diameters, d0,
ranging from 1 to 13 nm. To investigate helium bubbles in
different conditions, various supercell sizes were used. The
largest one contains about 6 million atoms in (48.9 nm)3,
and it allows for study of a quasi-isolated bubble. Decreasing
the size increases the interaction between bubbles in periodic
replicas. The smallest supercell dimension considered in this
work is (9.8 nm)3, and it allows for modeling a network of
strongly interacting helium bubbles.
We have carried out molecular-dynamics (MD) simulations
using the LAMMPS code [58] with a 1 fs time step. The
modified embedded-atom-method (MEAM) formalism was
used to describe the interatomic interactions [59], with the
parameters reported in Ref. [51]. The Si-Si interaction is
the “Si92” potential [60], yielding a bulk silicon lattice
constant a0 equal to 5.431 Å. The very high helium densities
FIG. 4. (a) Aspect ratio as a function of the bubble diameter, (b) helium density as a function of the bubble diameter, and (c) helium density
as a function of the aspect ratio for a 7.5 × 1016 He cm−2, 50 keV implanted silicon sample annealed at 500 ◦C, 1 h. The spectrum images were
recorded on two different TEM thin foils [different colors in (a), (b), and (c)]. Only the L bubbles are analyzed.
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FIG. 5. (a) Aspect ratio as a function of the bubble diameter, (b) helium density as a function of the bubble diameter, and (c) helium density
as a function of the aspect ratio for a 7.5 × 1016 He cm−2, 50 keV implanted silicon sample annealed at 700 ◦C, 1 h. The spectrum images were
recorded on two different regions of two TEM thin foils [different colors in (a), (b), and (c)].
measured in bubbles imply that the pressure transmitted to
the silicon matrix is significant. It is then required that the
potential can reliably reproduce the mechanical properties of
silicon. We computed the elastic constants C11 = 167 GPa,
C12 = 63 GPa, and C44 = 76 GPa, in excellent agreement
with experiments. It is also found that the potential is able
to predict the most stable configuration for a screw dislocation
[61]. The Si-He interaction was shown to correctly reproduce
the properties of helium atoms in silicon [51], in particular
the fact that an interstitial tetrahedral site is energetically
more favorable than a substitution site. Concerning the He-He
MEAM parametrization, the attractive part was fitted on the
Tang and Toennies potential [62], while the repulsive one
was fitted on first-principles calculations [51]. Preliminary
calculations using the potential showed that it predicts no
clustering of helium interstitials in silicon, in accordance with
first-principles calculations [63].
Two different methods for introducing helium atoms into
the cavity were tested. In the first one, helium atoms were
inserted into the cavity as a spherical piece of hcp crystal,
chosen as a reference structure of solid helium. The hcp
lattice parameter was tuned to obtain different initial helium
densities. In the second method, helium atoms were randomly
inserted. The difference between the two methods on the
final result is negligible. In both cases, it is important to
avoid a situation in which two atoms are initially very close,
causing unrealistically large forces at the beginning of the
MD simulation. For the first method, the spherical helium
crystal has to be smaller than the created cavity so that the
silicon and helium atoms are not too close at the interface. For
random insertion, the probability for two atoms to be very close
increases with the He/V ratio. Preliminary MD simulations
were thus performed in the NV E ensemble during 0.1 ps,
with the condition that the maximum distance an atom can
move in one time step is 0.1 Å. Forces were then relaxed
to obtain an initial configuration with negligible residual
forces [64].
In a second step, MD calculations were performed in the
NV T ensemble with a Nose-Hoover thermostat set at different
temperatures. We considered 80 and 300 K to compare with
experimental measurement temperatures, and 573, 823, and
973 K to compare with experimental annealing temperatures.
MD runs were performed with a duration depending on the
temperature: from 40 ps at 80 K to 120 ps at 973 K in order
to reach a steady state. One important point is that thermal
dilation has to be taken into account in order to avoid an
additional pressure in the supercell. We have thus calculated
the bulk Si equilibrium lattice parameter for each temperature
in independent NPT bulk calculations, which was next used
for the bubble simulations. The calculated thermal expansion
coefficient is 1.4 × 10−5 K−1, which is slightly larger than
the experimental value (2.6 × 10−6 K−1) [65]. The simulation
conditions are summarized in Table I.
Unless specified, the final helium density is calculated by
dividing the number of helium atoms in the bubble by the
volume of the cavity. The latter is found by summing the
Voronoi volumes associated with all helium atoms. The final
diameter d is computed from the bubble volume.
V. MOLECULAR-DYNAMICS CALCULATIONS
A. Isolated bubble
We first consider a single isolated bubble embedded in
pristine bulk silicon (a representative example is shown in
Fig. 6). For an initial helium density He/V = 1 [Fig. 6(a)], the
number of helium atoms introduced in the bubble is equal to
the number of removed silicon atoms. A gap is clearly visible
between clustering helium atoms and the silicon matrix. The
Si-He repulsive interaction being stronger than the He-He one,
the helium density is not sufficient to compensate for the higher
repulsion at the interface. Such a gap has already been shown
in the case of a helium bubble in iron [46,50,66]. Note that the
presence of the gap implies that the bubble volume is slightly
underestimated at low helium density. Indeed, in a Voronoi
volume decomposition, half of the gap volume is considered
belonging to the silicon atoms at the interface. Therefore, the
wider the gap, the larger is the volume underestimation.
TABLE I. Time and lattice parameter considered for different
temperatures.
T (K) 80 300 573 823 973
Time (ps) 40 60 80 100 120
a0 (Å) 5.437 5.453 5.473 5.493 5.505
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FIG. 6. Cross section of a simulated d0 = 6.5 nm helium bubble
at 300 K for different initial helium densities. Silicon and helium
atoms are colored in red and blue, respectively. Only a part of the
simulation system is shown for clarity.
At higher initial densities [He/V = 2–6, Figs. 6(b)–6(f)],
there are enough helium atoms in the bubble to compensate for
the Si-He repulsion so that the gap disappears. At He/V = 3
[Fig. 6(c)], the silicon atoms near the interface seem to
be displaced out of their original lattice sites. The volume
occupied by the helium atoms clearly increases. At higher
initial densities [Figs. 6(d)–6(f)], the apparent deformation of
the matrix around the bubble is expanding over a larger region,
together with an increase of bubble volume.
This visual analysis suggests that the matrix is plastically
deformed in the vicinity of the bubble. We indeed checked
that these atomic displacements were irreversible by remov-
ing helium atoms from the final state and further relaxing
the system. To better characterize the state of the matrix,
we performed additional investigations, as reported in the
Supplemental Material [67]. Both a local structural analysis
and the calculation of radial distribution functions revealed
that the silicon matrix yields by amorphization in the vicinity
of the bubble interface. The amorphized region grows as a
function of the helium density. In addition, a DXA dislocation
analysis [68] was performed with the scientific visualization
and analysis software OVITO [69], and no dislocations were
found.
Figure 7 represents the final helium density and bubble
diameter versus the initial helium density for a bubble of
initial diameter d0 = 6.5 nm at different temperatures. For
He/V = 1, the helium density and the diameter of the bubble
are close to their initial values. For higher He/V ratios, the
FIG. 7. Final helium density (circle) and diameter of the bubble
(crosses) vs the He/V ratio for a 6.5 nm initial diameter bubble (in
a (48.9 nm)3 supercell). The dashed lines correspond to unrelaxed
bubbles. Five temperatures are considered (different colors).
final helium density progressively departs from the unrelaxed
initial density until it saturates.
The helium density saturation is therefore obviously related
to the bubble volume increase and to the deformation of the
matrix (Fig. 7, crosses). In fact, the growing bubble volume
compensates for the increase of the initial helium density.
The density curves exhibit a clear inflection for a He/V ratio
between 2 and 4. High temperatures allow for plastic yielding
at lower He/V ratios than at low temperatures, hinting that the
plastic deformation of the matrix is thermally activated.
Note that in this work, the simulations were performed by
increasing the temperature (in a single run), starting from 80 to
973 K. In some previous theoretical investigations, simulations
were apparently made in a single run with decreasing tempera-
tures [46]. In that case, plastic deformations could occur at the
beginning of the run due to high temperatures. The calculated
densities would thus be underestimated for all temperatures
except the highest one (e.g., 973 K here).
Figure 8 reports the final helium densities in the bubble
versus its final diameter. For He/V = 1, the helium density de-
creases slightly, whereas for higher ratios it increases with the
diameter of the bubble. The decrease observed for He/V = 1
is essentially due to the calculation of the bubble volume. The
volume underestimation is more important for small bubbles,
leading to an apparent higher density, because the interface
over volume ratio is larger. At higher ratios, the helium density
increases with the diameter of the bubble.
The values determined experimentally are also reported in
Fig. 8. As can be seen, the helium densities measured in the
bubbles annealed at 700 ◦C are in the range of calculations
with He/V ratios 1 and 2. Nevertheless, for samples annealed
at 500 ◦C, the measured helium densities are higher than
those that can be reached using molecular dynamics. We have
thus deepened our investigation and examined parameters that
could influence the helium density in the bubble.
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FIG. 8. Helium density in the bubble vs final diameter at 300 K.
Comparison between simulations (filled symbols) and experiments
for samples annealed at 500 and 700 ◦C (empty symbols).
B. Interaction between bubbles
We first investigate a possible effect of the interaction
between bubbles. Indeed, experimentally, one can estimate
that the separation between bubbles could be as small as a few
nanometers (Fig. 3). Only isolated bubbles were studied in our
first simulations, i.e., the interactions between bubbles were
negligible. The influence of the interaction was investigated
by varying the size of the supercell. The edge-to-edge distance
between bubbles decreases with the size of the supercell be-
cause of the periodic replicas. Different sizes of supercell from
(9.8 nm)3 to (48.9 nm)3 were thus tested for a d0 = 6.5 nm
bubble at 300 K, yielding an initial bubble separation from
3.3 to 42.4 nm.
As seen in Fig. 9, the helium density is almost constant for
distances larger than 16.5 nm, confirming that interactions
between bubbles are negligible for the largest considered
supercell. An increase of the helium density by about
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FIG. 9. Helium density vs distance between bubbles for different
He/V ratios and for a bubble of initial diameter d0 = 6.5 nm at
300 K.
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FIG. 10. Local density of helium and silicon as a function of
the position from the center of the bubble. Blue and red symbols
represent helium and silicon densities, respectively, obtained as the
number of atoms in a spherical shell divided by its volume. The
purple crosses correspond to the local helium density calculated
using Voronoi volumes. The dashed line marks the averaged density
determined with all helium atoms in the bubble. The initial bubble
measured 6.5 nm in diameter filled with He/V = 5 (300 K).
10–15 He nm−3 is visible for a separation between bubbles of
2–5 nm, particularly for high He/V ratios; this result indicates
that the interaction between bubbles confined in a band could
lead to a helium density increase.
C. Bubble-matrix interface
In this section, we investigate the possible influence of the
Si-He interface in the calculation of the density. As previously
discussed, a gap between helium and silicon atoms appears
for a low helium density in the bubble. For higher ratios,
an interface is made up of both helium and silicon atoms.
Figure 10 represents the local density of helium and silicon
atoms versus the position from the center of the bubble. Each
point is calculated in a 1-Å-thick spherical shell region for a
bubble of initial diameter d0 = 6.5 nm at a He/V = 5 ratio
and at 300 K, according to two different methods. In the first
one, labeled A, the density is simply the number of atoms in
the shell divided by the volume of the shell (circles in Fig. 10).
In the second method, labeled B, the density is the number of
atoms in the shell divided by the sum of the Voronoi volumes
of these atoms (crosses in Fig. 10).
Three regions can be distinguished in Fig. 10. The first
one, from 0 to 3.8 nm, contains only helium atoms and thus
corresponds to the bubble. The second region, from 3.8 to
4.4 nm, is the interface of the bubble, including both Si and
He atoms. The third region, for a position greater than 4.4 nm,
corresponds to the silicon bulk. The silicon density near the
interface is higher than the bulk one because of the pressure
transmitted from the bubble to the matrix.
When calculating using method B, the helium density in the
bubble is close to the one calculated using method A, except in
the center where method A leads to large dispersion due to the
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small amount of atoms. In the interface, the helium density
decreases for both methods but the meaning is different.
Indeed, with method A, it indicates that there are fewer helium
atoms in the region considered. With method B, the decrease
in the helium density at the interface means that helium atoms
occupy a greater volume at the interface than in the bubble.
This might be due to the higher strength of the Si-He interaction
compared to the He-He one. In previous sections, the helium
density was determined by summing the Voronoi volumes
of all helium atoms, the usual approach in the literature. It
corresponds here to averaging local densities obtained with
method B. The decrease of the local density at the interface
would lead to an underestimation of the total density. In fact,
experimentally, the helium density is measured in the center of
the bubble to avoid any surface effects. The density calculated
in the center of the bubble is higher compared to the averaged
density (purple dashed line, Fig. 10). In our case, the helium
density can reach 130 He nm−3 in the center, whereas it is
124 He nm−3 by averaging over all helium atoms. This effect is
stronger with small bubbles because the interface over volume
ratio is higher.
D. Influence of interstitial atoms
At high He/V ratios, the maximum density in the bubble is
mostly related to the deformation of the surrounding matrix.
Then, by strengthening the matrix, a higher helium density
in the bubble could be expected. One way to do so could be
through the presence of helium atoms in the matrix. Note
that this is not an unrealistic hypothesis because not all
implanted helium atoms are necessarily located inside the
bubbles. Here we consider single interstitial helium atoms,
since it has recently been shown that helium clustering
is not favored in silicon [63]. To estimate this effect on
the final density, we investigated a d0 = 6.5 nm bubble in
a (9.8 nm)3 supercell in order to include an interaction
between bubbles. Helium interstitial atoms were added in
a spherical shell of 0.8 nm width around the bubble, from
0% to 100% of the tetrahedral interstitial sites. Figure 11
shows the helium density, determined in the bubble center,
as a function of the number of interstitial helium atoms. As
assumed, adding interstitial atoms around the bubble delays
the plastic deformation, thus increasing the maximum helium
density. However, the effect remains quite small, even for a
nonrealistic 100% interstitial configuration.
Finally, with a small box (interaction between bubbles),
computing the density in the bubble center and with a rea-
sonable proportion of 10% of helium interstitials, the helium
density reaches 141 He nm−3, which is closer to the densities
found experimentally after a 500 ◦C annealing. Without con-
sidering these effects, the maximum helium density was about
125 He nm−3 at 300 K.
E. Influence of the interatomic potential
Obviously, the strength of the matrix controls the final
helium density in the bubble. The choice of the Si-Si potential
might thus be important. Furthermore, our experiments unex-
pectedly revealed very high helium densities in the bubbles. In
Ref. [51], it is mentioned that the MEAM He-He potential is
FIG. 11. Helium density in the center of the bubble vs the number
of interstitial He atoms in the matrix for a d0 = 6.5 nm initial diameter
bubble in a (9.8 nm)3 supercell, and a He/V = 5 ratio at 300 K. Two
snapshots are presented to show the interstitial atom distribution.
suited for pressure lower than 10 GPa [51], corresponding to
helium densities of about 135 He nm−3 [70]. It is therefore
highly advisable to study the influence of the interatomic
potential used in the calculations, as is done now.
To compare with the previously applied MEAM potential
(denoted as MEAM-1 in the following), three additional
potentials were tested. For all three, the Si-He interaction is
modeled by a tabulated pair function extracted from a SiC-He
potential, which will be reported elsewhere, and the Beck
potential [71] is used for the He-He part. This potential is
particularly suited to describe helium at very high pressure.
Different Si-Si interactions have been considered: Tersoff [72],
Stillinger-Weber (SW) [73], and MEAM [60] (denoted as
MEAM-2 in the following).
In all cases, we found that a maximum density value can be
reached due to the plastic deformation of the silicon matrix by
amorphization at the bubble-matrix interface. The fact that all
potentials lead to similar behaviors gives us confidence in the
robustness of our results. Figure 12 represents the final helium
density value reached in a helium bubble, for different simu-
lation conditions. In the case of an isolated bubble, a slightly
higher value is obtained using SW compared to MEAM-1.
However, noticeably larger densities are obtained using Tersoff
and MEAM-2. Comparing MEAM-1 and MEAM-2 suggests
that this change is essentially related to the different He-He
and Si-He interactions. As can be seen, taking into account the
presence of interactions between bubbles and helium atoms
around bubbles leads to higher helium density regardless of the
interatomic potential used. This confirms the general character
of the effects investigated in this paper. The final densities for
all potentials except MEAM-1 are in close agreement, in the
range of 164–166 He nm−3. Such values are now in agreement
with experimental densities measured in samples annealed at
500 ◦C. This confirms that MEAM-1 is not the most appropri-
ate potential for modeling the helium bubbles measured in the
latter case, since this potential has been designed for moderate
density values lower than 135 He nm−3 [51].
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FIG. 12. Helium density (calculated in the bubble center) vs
different simulation conditions calculated in an initial diameter
d0 = 6.5 nm bubble at 300 K, and an initial density He/V = 5.
Different potentials are compared (see the text for explanations).
VI. DISCUSSION
By considering only isolated bubbles, we found excellent
agreement between simulations and measurements for the
700 ◦C annealed sample. However, it was initially not possible
to reach the helium densities measured in the 500 ◦C annealed
sample. To understand this issue, several effects have been
investigated and have been shown to influence the helium
density determined by MD simulations.
In particular, we have shown that the interatomic potential
plays an important role in the maximum calculated helium
density, identifying almost 20 He nm−3 differences depending
on the chosen potential. Nevertheless, by itself this effect is
not sufficient to explain the differences with experimental
data. However, when taking into account factors such as
interaction between neighboring bubbles (leading to 4–13 %
higher helium densities), the presence of helium interstitials
(0.5% higher helium densities), and computation of the
density in the center of the bubbles, better agreement is
obtained. Considering these effects together, a density value
of 165 He nm−3 is reached. Such a value is in the midrange of
helium density measurements in the 500 ◦C annealed sample,
suggesting that we have achieved good agreement between
experiments and simulations. Particularly notable is the effect
of interaction between bubbles. Previous investigations only
considered isolated bubbles [50,53,74]. However, experimen-
tal observations clearly show that separations between bubbles
can be just a few nanometers [39], which leads to a higher He
density in the bubbles, likely because of a local strengthening
of the matrix. Note that in a nuclear context bubbles can be
isolated, thus with a lower bubble-bubble interaction.
Furthermore, other effects have been investigated with no
noticeable effect on the helium density. In particular, we have
observed that the way the helium atoms are inserted, as an hcp
crystal or in random positions, leads to a negligible difference.
Moreover, simulations in the NV T or in the NPT ensembles
lead to similar results. Finally, as the bubbles created by the
500 ◦C annealing exhibit an aspect ratio higher than 1, we have
also investigated bubbles with an aspect ratio up to 2.2. Again,
the differences with spherical bubbles of the same equivalent
diameter were negligible.
An interesting aspect revealed by MD simulations concerns
the bubble-matrix interface, whose characteristics change
drastically depending on the helium density. The gap identified
at a low ratio between helium and silicon atoms (He/V = 1) has
already been observed for helium bubbles in iron [46,50,66].
This gap is ascribed to the stronger matrix-He repulsion than
the He-He one [50]. By increasing the number of helium atoms
in the bubble, the closure of the gap is visible [see Fig. 6(b)]. At
high ratios, the interface is made up of both silicon and helium
atoms, over an extent of a few angstroms (Fig. 10). Such
a mixing has already been observed for bubbles in tungsten
[74], where the interface thickness was of the same order
of magnitude as in the present study (0.6 nm). As seen in
Fig. 10, the density at the interface is lower than in the center
of the bubble. Consequently, the helium density has to be
carefully determined to avoid an overestimation (gap) or an
underestimation (mixing), and only data from the center of the
bubble should be taken into account.
It is customary and often more telling to discuss the
bubble state in terms of internal pressure. So far, we only
considered helium density since it is the direct outcome of
experiments, while an equation of state (EOS) must be used
to obtain the corresponding pressure. On the other hand, the
internal pressure can be directly determined from virial stress
calculations during MD simulations. Figure 13 shows the
pressure in the bubbles as a function of the bubble diameter
for both methods and using the EOS proposed by Trinkaus
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FIG. 13. Pressure vs final diameter of the bubble. Full lines
correspond to the simulated bubbles, calculated from virial stress
(filled symbols, full lines) and using the Trinkaus EOS (filled symbols,
dashed lines). The black triangles correspond to the experimental
densities converted in pressure using the Trinkaus EOS for the
sample annealed at 700 ◦C. For the sake of clarity, an average of
the experimental results was performed in five different regions,
arbitrarily chosen. The error bars along the abscissa correspond to
these regions, and the ordinate ones represent the standard deviation
of the pressures in this region.
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[31]. These data are compared with the Young-Laplace law,
using an average surface energy γ = 1.5 J m−2 [75]. Here, we
have focused on the experimental data for the 700 ◦C annealed
sample and MD calculations with low initial He densities,
both being in the same pressure range as this law. We first
note that the pressures given by the EOS are typically lower
than calculated pressures, suggesting that using a helium bulk
EOS is probably not appropriate for bubbles as suggested
by Caro et al. [50]. However, the same trends are observed
in both cases, allowing for a qualitative comparison. In the
case of experimental results, the pressure in the bubbles
clearly increases with the diameter, in contradiction with the
Young-Laplace law. The same trend is observed in simulations
for a He/V = 2 ratio. Conversely, for the He/V = 1 ratio
the pressure apparently decreases as a function of bubble
size, although the variation is quite different from the Young-
Laplace law. However, as explained previously, this is due to
the calculation of the bubble volume and to the presence of
a gap between the bubble and the matrix at low density. Our
investigations, therefore, suggest that the Young-Laplace law
cannot be satisfactorily used for describing bubbles formed
in covalent materials in similar conditions. In fact, this law
implies a mechanical equilibrium enforced by an unlimited
supply of vacancies from the matrix. While such conditions
are commonly found in metals, vacancies in covalent systems
are usually scarce due to high formation energies, leading
to nonequilibrated bubbles. This explains why we found
much higher pressure in our bubbles compared to similar
investigations in metals (0.1–2 GPa [35,36]).
Our simulations uncover that the helium density, and the
corresponding pressure, are limited by the mechanical strength
of the silicon matrix. Above a certain threshold, the bubble
volume increases following the plastic deformation of the
matrix by amorphization, which in turn leads to the saturation
of the final helium density. Trinkaus described different mecha-
nisms limiting the helium density [31], such as self-interstitial
emission or dislocation loop punching. An analysis of the
simulated systems did not reveal occurrences of the former
process. Conversely, dislocation loop punching is observed,
but only for the highest temperature MD simulations, and in
limited amounts. In all cases, the main factor responsible for
bubble expansion remains the amorphization of the matrix
localized at the bubble-matrix interface. As far as we know,
such a mechanism has not been previously suggested in the
literature. An experimental confirmation is difficult, however,
because the simulations show that the amorphized region is of
limited extent around the bubbles.
VII. SUMMARY
The properties of helium bubbles of nanometric size in
silicon were investigated both experimentally and numerically.
Measurements of the helium density in bubbles have been
made using an EFTEM-SI methodology recently developed
for this system [39] for a large number of single bubbles. For
samples annealed at 500 ◦C, we found a helium density in the
range of 120–180 He nm−3 (bubbles of 7–16 nm in diameter),
whereas samples annealed at 700 ◦C lead to lower helium
densities, in the range of 40–90 He nm−3 (bubbles of 6–20 nm
in diameter). MD calculations were performed for bubbles of
different diameters (1–13 nm), allowing us to make a direct
comparison with experiments and to study small bubbles out
of the reach of experiments. The calculations revealed that the
maximum attainable helium density depends on the tempera-
ture and is critically related to the strength of the silicon matrix,
which tends to yield by amorphization at the highest density
levels. Helium densities were determined to range from 50 to
125 He nm−3, in excellent agreement with 700 ◦C annealed
samples. However, these values remain lower than densities
measured in 500 ◦C annealed bubbles. Different effects that
might change the helium density have thus been studied.
First, by tuning the supercell size, a bubble confinement
effect has been revealed, leading to a higher density when the
separation between bubbles is 2–3 nm. This assumption is in
agreement with our TEM observations of bubble distributions.
Second, we have shown that the density should be calculated
in the center of the bubble to avoid errors related to the
bubble-matrix interface. Third, the influence of residual
interstitial helium atoms in the vicinity of the bubble has
been investigated. Albeit small, they induce a strengthening
of the matrix leading to slightly higher densities. Finally, the
influence of the chosen semiempirical interactions has been
studied by considering alternative interatomic potentials. It
is found that the use of a potential especially designed for
high densities allows higher helium densities to be reached.
Combining all these effects, a maximum helium density
of 165 He nm−3 is obtained, in excellent agreement with
experiments made on 500 ◦C annealed samples.
To conclude, our investigations revealed that nanometric-
sized helium bubbles in silicon can exhibit very high helium
densities, much higher than those usually encountered in
metals and predicted by the Laplace-Young law. These results
suggest that this law is not valid at this scale for such a covalent
material. Our calculations also showed that the density thresh-
old is essentially set by the plastic yielding of the matrix by
local amorphization and the presence of a bubble confinement
effect. To demonstrate the general character of these results,
we plan to study helium bubbles in other covalent materials.
For high strength materials such as silicon carbide or gallium
nitride, one could then expect to reach very high helium
densities. Experiments are in progress to confirm this idea.
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